This paper presents a novel full-order nonlinear observer-based excitation controller design for interconnected power systems. Exact linearization approach of feedback linearization is used to design the nonlinear observer when the power system is fully linearized. The excitation control law is derived for the exactly linearized power system model. The observed states of power system are directly used as the input to the controller where the control law does not need to be expressed in terms of all measured variables. A single machine infinite bus (SMIB) system is used as test system and all the states are observed for SMIB system. To validate the effectiveness of the proposed control scheme on a large system, a benchmark 3 machine 11 bus system is also simulated. Simulation results show the accuracy and performance of observer-based nonlinear excitation controller by comparing with the exact linearizing controller where the control law is expressed in terms of all measured variables.
Introduction
Stable operation of poorly damped nonlinear power systems can be ensured by using high-performance controllers which regulate the systems under diversity of operating conditions. Many techniques (linear and nonlinear) have been proposed to assess the stability of the power systems. In [1, 2] , there is an extensive description of power system stabilizers (PSSs) which are now widely used in the power industries all over the world. In [1, 2] , power system models are linearized based on the conventional Taylor series expansion method.
Some improved methodologies of PSS design are proposed in [3] [4] [5] which have large disturbance rejection capability. The conventional PSS design technique is proposed in [3] with the exception that the high voltage bus is considered as reference bus instead of infinite bus where all the PSS parameters are obtained from the local measurements. In [6] , the controller gains are calculated in such a way that the controller can include the effect of unmodelled dynamics of power systems. A minimax LQG controller is proposed in [7] where the mean-value theorem is used to linearize the power system model with dynamic load. In [7] , the power system is reformulated with linear and nonlinear terms where the nonlinear terms are modelled as uncertainties in the design of robust control. Recently, a coordinated PSS design approach is proposed in [8] within frequency-domain framework to achieve nearoptimal overall power system stability. The main problem associated with the linear control techniques is the small operating region around equilibrium point as the system is linearized over a fixed set of operating points but the variations of operating regions in power systems are wide following major disturbances. The limitations of linear controllers with variation of loads are clearly discussed in [9] .
Nonlinear controllers can ensure the stability of power systems in large operating regions and in the presence of large disturbances [10, 11] . A Fourier-based sliding method is considered in [12] for secure operation of a power system with large disturbances. Feedback linearization which algebraically transforms nonlinear system dynamics into a (fully or partly) linear one so that the linear control technique can be applied, is widely used in power system [13] as well as for other applications. Feedback linearizing excitation controllers for multimachine power systems are proposed in [14, 15] . Another feedback linearizing excitation controller is proposed in [16] where nonlinear coordinate transformation is done by choosing linearly independent vector field but the choice of independent vector field is a difficult task. A simple form of feedback linearization, called direct feedback linearization (DFL) is proposed in [17] [18] [19] and is widely used to design controllers for large power systems [20] .
In the design of linear and nonlinear controllers, it is essential to measure all or some of the state variables or all the state variables need to be converted in terms of measured variables which are difficult in practice. The difficulties associated with unmeasured states can be solved through the state estimation process. A reduced-order observer-based variable structure controller is proposed in [21] where linearized power system model is used to estimate the states. A graphical observer design technique is proposed in [22] for large-scale power systems which monitors state estimation and fault-detection as well as isolation. But in [22] , it is essential to identify an unknown input to achieve the specific monitoring tasks which is very difficult for a practical system. Kalman filters are increasingly used in many applications including power systems, to estimate the states of dynamical systems. A Kalman filter can be viewed as a weighted least square (WLS) method [23] in which state estimation is done through a single set of measurements. WLS can estimate the states accurately within acceptable limits but it cannot predict the future operating states of power systems [23] . To overcome this limitation, an iterative reweighed least square (IRLS) method is proposed in [24] . An extended Kalman filter (EKF) for linearized power system model is proposed in [25] . In linear approximation of nonlinear power system, the nonlinear terms are neglected which reduces the accuracy of estimation.
An iterative Kalman filter (IKF) can be directly used in nonlinear power system model [26] but the iterative methods are time consuming. Unscented Kalman filtering (UKF) for state estimation of continuous-time nonlinear system is described in [27] where unscented transformation is combined with Kalman filter theory. Recently, the UKF is applied to power systems in [28] to estimate the states by showing comparison with WLS and EKF. But using UKF, the task of estimation is difficult when the previous state estimation is far from the new operating point. A nonlinear observer for SMIB system is proposed in [29] which use an invariant manifold. In the design of observer through nonlinear manifold it is essential to determine an appropriate mapping which is difficult and is still an open question in the field of nonlinear control theory.
A nonlinear system can be transformed into a fully linearized system using exact linearization [30, 31] . The exact linearizability of a nonlinear system depends on the relative degree of the system which in turns depends on the chosen output function of the system [32] . If the output function of a nonlinear system is selected in such a way that the relative degree of the system equals to the order of the system, the system is fully or exactly linearized [32] . If a nonlinear system is fully linearized, then linear observer can be used to calculate the nonlinear observer gain for the nonlinear system [33] .
A Luenberger-like observer is proposed in [34] which has straightforward gain calculation. Feedback linearization technique is used in [34] to linearize the nonlinear system with full relative degree. Feedback linearization is also used in [35] for a nonlinear system with non-full relative degree. In [35] the gain is not clear and the observer is not widely used in practical applications. The existing literature [33] [34] [35] on nonlinear observer related to the feedback linearization provides complex theoretical background but which is sometimes very difficult in practical implementation.
A robust nonlinear observer-based controller is proposed in [40] where the power system is exactly linearized and a sliding mode observer is used to estimate the state of power systems. Recently, a sliding mode observer for SMIB system is designed in [41] based on a time-varying sliding surface. To implement this controller, the selection of a time varying sliding surface is essential which is quite simple for a SMIB system but it is complicated for large systems. Moreover, the observer in [41] is only developed for the damper winding current. An observer-based injection and damping assignment (IDA) controller is proposed in [42] to estimate the state of synchronous generator and to enhance the stability of power systems. But the performance of feedback linearizing controller is much better than IDA controller [43] . Moreover, to implement the feedback linearizing controller proposed in [10] [11] [12] [13] [14] , the states of power systems are obtained by solving some algebraic equations rather than solving the dynamical equations of power systems. This paper focuses on the design of observer-based excitation controller for power systems based on the exact linearization of power systems. This paper also presents all the information required for exact linearization of power systems. To implement the control in a practical system, the states of power systems are observed from a dynamic observer rather than solving power-flow equations [10] [11] [12] [13] [14] . The performance of the controller is tested on a simple SMIB system as well as on a 3 machine 11 bus system. The accuracy of the proposed control scheme is ensured by comparing the results with exact linearizing controller which is expressed in terms of measured variables.
The rest of the paper is organized as follows. Some preliminaries of nonlinear control theory which are essential in the design of feedback linearizing controller, are given in Section 2. In Section 3, the mathematical modeling of an SMIB system is given. The exact linearization of power system model with a valid claim is presented in Section 4. Section 5 presents the observer design for exactly linearized power system. The derivation of nonlinear excitation control law is shown in Section 6 and Section 7 includes the simulation results.
Concluding remarks and suggestions for future works are collected in Section 8.
Preliminary Definitions
In this section some definitions related to feedback linearization technique are presented [16, 36, 37] .
Let, the nonlinear system can be written as
where n R x  is the state vector; R u  is the control vector; R y  is the output vector; f(x) and g(x) are n-dimensional vector fields in the state space; h(x) is the scalar function of x which needs to be selected for feedback linearization.
In the design of feedback linearizing controller for power system, the definitions of nonlinear coordinate transformation, diffeomorphism, Lie derivative, and relative degree are useful which are given below.
Definition 1. (Nonlinear Coordinate Transformation and Diffeomorphism)
A nonlinear coordinate transformation for that system which can be written as 
Definition 2. (Lie Derivative)
For a given differentiable scalar function
, is obtained by the following operation
which is called Lie derivative of function h(x) along the vector field f(x).

Definition 3. (Relative Degree)
If the Lie derivative of the function
then it is said that the system has relative degree r in Ω.
Power System Model
A single machine infinite bus system is shown in Fig. 1 where a synchronous generator is connected to an infinite bus through a transformer and two parallel transmission lines. Since SMIB system qualitatively exhibits the important aspects of the behaviour of a multimachine system and is relatively simple to study, it is extremely useful in studying general concepts of power system stability [18] .
Power system can be modelled at several different levels of complexities, depending on the intended application of the model. With some typical assumptions, the classical thirdorder dynamical model of a SMIB power system as shown in Fig. 1 can be modelled by the following set of differential equations [2, 16] :
where δ is the power angle of the generator, ω is the rotor speed with respect to synchronous reference, ω 0 is the synchronous speed of the generator, H is the inertia constant of the generator, P m is the mechanical input power to the generator which is assumed to be constant, D is the damping constant of the generator, and P e is the active electrical power delivered by the generator.
Generator electrical dynamics: The algebraic electrical equations of synchronous generator are given below: Substituting the electrical equations into the mechanical and electrical dynamics equation (3)- (5) of the system, the complete mathematical model of SMIB system can be written as follows:
is the time constant of the field winding.
The SMIB system as shown in Fig. 1 , represented by (6)- (8) can be expressed as
The mathematical model of a multimachine power system is very similar to a SMIB system with the exception that the current and power equations which contain the information of other machines [20] . The transformation of nonlinear power system model into a linear one is shown in the following section.
Exact Linearization of Power System Model
To implement the exact linearization approach on power system for designing a nonlinear observer, the relative degree (r) of the system needs to be equal to the order (n) of the system. In this paper, a third order model (n=3) is considered. The exact linearizability of power system is presented in Appendix A, through a valid claim with proof.
Exact linearization and its implementation on SMIB system can be described through the following steps:
Step 1: Selection of output function
The output function y=h(x) should be selected in such a way that r=n. For the considered SMIB system, the output function is chosen as y=h(x) =δ-δ 0 .
Step 2: Calculation of relative degree
In this step, the relative degree of the system needs to be calculated using the definition presented in Section 2. For n th order system, r will equal to n and the following expressions have to be true.
From Claim 1, it is clear that for SMIB system, r=n=3,
Step 3: Nonlinear coordinate transformation and formulation of fully linearized system In this step, the original x states are transformed into z states through nonlinear coordinate transformation by choosing
Then we can write
, from the above equation it can be written that
The fully linearized system with new coordinates 
The nonlinear observer can be obtained from this exactly linearized model which is shown in the following section.
Nonlinear Observer Design for Power System
We know that for any linear system
where C is the output matrix of the system. If the pair (A, C), observable, the linear observer of the above linear system can be written as [38] 
where G is the linear gain which can be calculated by using any linear observer gain calculation methods as discussed in the literature [17] [18] [19] .
By substituting v from (9), the above equation can be written as
Using the analogy of linear observer, the nonlinear observer can be written as
where l is the nonlinear gain which is
Here,  J is the Jacobian matrix of coordinates obtained from nonlinear coordinate transformation, i.e.,
The formulation of equation (13) and (14) from (12) will be clarified from a theorem and its proof as presented in Appendix B.
For SMIB system, the nonlinear gain is 
Excitation Controller Design for Power System
From (9), the control law for exactly linearized system can be written as
The new control input v, for linear system (10) can be determined by using linear control techniques. If we use state-feedback, then
where K is the feedback gain. We can write v as
Hence, the final control law for the nonlinear system (1)- (2) is
For the considered power system, the control law can be written as
We calculate k 1 , k 2 , and k 3 using LQR for fully linearized SMIB system with Q=diag(1 1 0) and R=1 as k 1 =1, k 2 =2.29, and k 3 =2.14. Therefore, the control law for SMIB system can be written as
The estimated states obtained from the observers are used to implement this control law. The performance of observer-based exact linearizing excitation controller is discussed and compared with the exact linearizing excitation controller when the control law is expressed in terms of measured variables in Section 7.
6.1.
Provisions to implement on a large scale power system
The exact linearization of multimachine systems using the method proposed in this paper transforms the system into several linear decoupled subsystems based on the number of inputs and outputs. Suppose, if there are N machines in a system which has N inputs and N outputs. In this case, feedback linearization transforms the system into N linear decoupled subsystems [44] where each subsystem is exactly linearized if the rotor angle is the output of each subsystem. Under these circumstances, the control law contains the states of the other generators but these states can be modified into the real and reactive power of the local generators. The final control law is simplified enough and uses the information from the local generators only. This means that the observer-based controllers of power systems having multiple generators are independent in the sense that they require only local information of the generators to which they are applied.
Simulation Results
The block diagram representation of power systems with nonlinear observer-based excitation controller is shown in Fig. 2 . The observer-based excitation controller is implemented on two test systems (SMIB and 3 machine 11 bus systems) through the exciter of the synchronous generator (SG). To perform the simulation in this paper, the model of excitation system is considered as IEEE type AC4A (ESAC4A) whose physical limit of the excitation voltage is ±5 pu. Moreover, the input mechanical power supplied to the generator is assumed as constant throughout the simulation. Simulations are carried out to investigate the performances of the proposed controller following large external disturbances within the system. There are mainly two parts of the simulation-one is the implementation of the proposed control scheme on a simple SMIB system and the other is the performance evaluation of the controller on a large power system.
Performance of nonlinear observer-based excitation controller on SMIB system
In this case, the test system (SMIB system) consists of a synchronous generators connected to infinite bus through double circuit transmission lines. When major external disturbances occur on SMIB system, the system becomes unstable and the instability problem related to such system is known as transient stability problem. This type of instability causes rotor angle oscillations of small magnitudes and low frequencies which have been persisting for a long term and in some cases, it limits the amount of power transmission. Under this circumstance, the exciter of synchronous generator should be capable of responding quickly to the disturbances by regulating the excitation to enhance the dynamic stability of the system. The proposed observer-based controller does the same which is demonstrated by the simulation results. The numerical values of the parameters used for simulations are given in Appendix C. In this paper, a three-phase fault is applied at the terminal of the synchronous generator for which the following fault sequence is considered:
 Fault occurs at t=1 s  Fault is cleared at t=1.6 s Since the generator is supplying constant power, the rotor angle of the synchronous generator should be same to that of pre-fault condition after the occurrence of fault. From   Fig. 3 , it is seen the proposed controller stabilizes to rotor angle within few cycles of the three-phase fault by providing additional damping through the exciter of synchronous generator. Synchronous generator operates at synchronous speed, i.e., the speed deviation is zero under normal operating conditions. But the speed is also disturbed, when a fault occurs within the system (especially at the terminal of SG). 
Performance of nonlinear observer-based excitation controller on 3 machine 11 bus system
In this subsection, a two area 3 machine 11 bus test system [2] as shown in Fig. 6 is considered to analyze the performance of the proposed excitation controller. Area 1 has two synchronous generators, G 1 and G 2 . In this analysis, G 1 is considered as an infinite bus and G 2 which has a nominal capacity of 2200 MVA is supplying the remote area 2 through five 500 kV parallel lines. Area 2 also contains 1400 MVA local generator G 3 and two aggregated loads. The total load on the system is P L =6655 MW and Q L =2021 Mvar. Other details about the system can be found in [2] . In the simulation, transient level generator model is used for all the synchronous generators.
Before implementing a controller on a multimachine power system, it is essential to perform the modal analysis [2] of the system to identify the dominant modes. Special care
should be taken for the generators which dominate the stability of the system. For the 3 machine 11 bus test system, the dominant mode is -0.31592±j12.445 and from the participation factor of the dominant mode it is seen that the speed deviation and rotor angle of G 3 is participating more which indicates that extra care is needed for G 3. In this paper, the controller is connected to the exciter of G 3. To evaluate the performance of the controller a three-phase short circuit fault is applied at bus 3 where G 3 is connected. The following fault sequence is considered:
The rotor angle response of G 3 as presented in Fig. 7 indicates that the proposed observer- 
Conclusion
The nonlinear full-order observer-based nonlinear excitation controller is designed when the power system is exactly linearized which is shown through valid claim. The key point of designing an observer is the calculation of its gain. This paper shows the calculation of nonlinear gain from the analogy of linear observer design which is the main novelty of this Proof. We choose, the output function of SMIB system as y=h(x) =δ-δ 0 . Now, it is essential to calculate the relative degree r of the system. If the relative degree r equals to the order n of the system, then the system is fully linearizable [16] . We have 
